Abstract Pulsed discharge plasma has exhibited active potential to prepare low molecular weight chitosan. In the present study, the viscosity of chitosan solution was decreased noticeably after treated with pulsed corona discharge plasma. An experimental investigation on electrical characteristics of pulsed corona discharge plasma in chitosan solution was conducted with a view toward getting insight into discharge process. Factors affecting I-V curve, single pulse injection energy and pulse width were studied. Experimental results showed positive effect of pulsed peak voltage on discharge plasma in chitosan solution. Pulse-forming capacitor greatly influenced the discharge form, and 4 nF was observed as a suitable value for efficiently generating stable discharge plasmas. As the electrode distance was larger than 10 mm, it had slight impact on discharge plasma due to the excellent conductive-property of chitosan solution. The injection energy significantly increased with air flow rate, while the pulse width hardly changed as the air flow rate increased from 0.5 m 3 /h to 1.0 m 3 /h. This study is expected to provide reference for promoting the application of pulsed corona discharge plasma to chitosan solution treatment.
Introduction
Chitosan, as the only natural active polysaccharides, has been widely used in lots of applications due to its unique physical and chemical properties [1, 2] . However, the commercially used chitosan has large molecular weight that cannot be dissolved easily in water, thus greatly limiting its applications. Many studies have proved that the molecular weight of chitosan could produce a great impact on its characteristics [3−5] . It is found that versatile functional properties, such as antitumor activity, inhibition of diabetes, and improvement of animal and plant biological activity [6, 7] , etc, are dramatically improved when the molecular weight of chitosan decreases to a certain degree [8−10] . For example, oligosaccharides with lower molecular weight, prepared from chitosan degradation, could easily dissolved in water, and have exhibited special physiological activity and superior functional properties compared to high molecular weight chitosan. Therefore, oligosaccharides have been widely used in medicine, food, cosmetics, agricultural and environmental protection, etc [11] . Accordingly, methods of degrading chitosan to prepare low molecular weight chitosan have become a research hotspot in recent years.
Several methods, including chemical degradation, enzymolysis, and physical degradation assisted by physical actions [12−14] , have been put forward to prepare low molecular weight chitosan. However, these methods mainly suffer from involvement of chemical reagents, complicated process, or secondary pollution. Efforts have been made and attentions been attracted to explore novel chitosan degradation methods.
High voltage pulsed corona discharge in water or in aqueous solution is able to release electric energy instantaneously to generate strong electric field and various species with high activity, such as ·OH, ·H, ·O, O − 2 , ·HO 2 , OH*, O 3 , H 2 O 2 and e*, etc. in plasma channel [15−19] . The discharge plasma has been reported to directly treat chitosan solution to produce low molecular weight chitosan, such as oligochitosan [20−22] . As one of advanced oxidation methods, plasma oxidation possesses are characterized with rapid reaction speed, high treatment efficiency, extensive adaptability, and environmental friendliness with no chemical reagents involved. Therefore, pulsed discharge plasma is becoming a potential method of preparing low molecular weight chitosan.
The treatment efficiency of chitosan is largely determined by pulsed discharge plasma generation. However, the plasma features of pulsed discharge induced in chitosan solution are still unclear. For the purpose of optimizing the chitosan treatment system using pulsed discharge plasma in solution, it is essential to have knowledge about the electrical characteristics of pulsed discharge plasma in chitosan solution. It is known that discharge plasma has close relationship with injection energy and voltage waveform [23] which is in turn closely related with discharge circuit and reactor condition. In this work, plasma conditions were investigated, including pulsed peak voltage, pulsed-forming capacity, electrode distance and air flow rate, relevant I-V curve, single pulse injection energy and pulse, with an aim at making the best use of pulsed discharge plasma so that its application to chitosan solution treatment can be facilitated.
Experiment
The experimental set-up used in this paper was shown in Fig. 1 . High-voltage pulse power supply consisted of an adjustable DC power supply (0 kV to 50 kV), a 100 nF fixed pulsed energy storage capacitor (C e ), rotating spark-gap switchs (RSG1 and RSG2) and an adjustable pulse-forming capacitor (C p ). Typical voltage and current waveforms were shown in Fig. 2 . The rise time of pulsed voltage was less than 100 ns. In the present study, the pulsed frequency was fixed at 20 Hz to assure full charging of the storage capacitor. Voltage (U ) and current (I) on the reactor were measured and recorded by a digital oscilloscope (Tektronix TDS2024) equipped with a high voltage probe (Tektronix P6015A) and a current probe (Tektronix P6021). Stainless needle and plate were used as high and ground electrodes, the diameters of which were 1 mm and 50 mm, respectively. Both the high and ground electrodes were submerged in the chitosan solution. The needle was covered by plastic sleeve except that its point was exposed to the solution. The length of the point of the needle was 1 mm. The carrier gas was introduced into the solution through a pinhole on the needle. The chitosan solution was prepared by dissolving 2 g chitosan powder into 100 mL ethanol solution mixing with 1% (V/V) acetic acid to obtain 20 g/L chitosan solution. The viscosity of chitosan solution was measured at 30
• C using a viscometer (NDJ-8S, China). The electrodes were set inside the chitosan solution. Injection energy per pulse (E 0 ) was calculated by the following equation
where t 0 represents the time when the current fell to zero. Pulse width (T w ) was the pulse length in full width at half maximum of the pulse waveform. The feasibility of applying pulsed corona discharge plasma for treating chitosan solution was firstly investigated under the conditions of pulsed peak voltage 10 kV, pulse-forming capacitance 4 nF, electrode distance 10 mm and air flow rate 0.04 L/min. When treating 20 g/L and 10 g/L chitosan solutions, the injection energies per pulse were 0.324 J and 0.30 J, respectively, and the injection powers were 24.3 W and 22.5 W, respectively. As shown in Fig. 3 , the viscosity of chitosan solution kept decreasing with increasing treatment time. It was decreased by approximately 75% after 60 min treatment for 20 g/L chitosan solution, whereas the same treating efficiency was achieved after 80 min treatment for 10 g/L chitosan solution. It might be ascribed to the fact that the higher the conductivity of chitosan solution, the greater the injection energy. The experimental results revealed that the pulsed corona discharge plasma in the present study could successfully treat chitosan solution because of highly active species generation. Fig.3 The viscosities of plasma-treated chitosan solutions versus treatment time
Effect of pulsed peak voltage
Pulsed peak voltage is usually regarded as one of important factors influencing the pulsed corona discharge plasma, which determines the discharge energy and discharge form when other discharge conditions keep unchanged. With the increase of pulsed peak voltage, the mode of pulsed discharge would change from corona to spark breakdown.
The curve trend of the I-V characteristic, E 0 and T w versus pulsed peak voltage of discharge in chitosan solution (conductivity of 4 ms/cm) was illustrated in Fig. 4 . The results of blank experiments obtained in solution without chitosan (conductivity of 0.75 ms/cm), namely, solvent, were also shown in Fig. 4 . The adjustable range of discharge voltages was determined by the facts that the initial voltage was just above corona starting voltage and the final voltage was just bellow spark breakdown. As shown in Fig. 4 , the curve of I-V characteristic and single pulse injection energy increased with the pulsed peak voltage, while the pulse width decreased with the increase of pulsed peak voltage, indicating positive effect of pulsed peak voltage on discharge plasma regardless of the existence of chitosan in solution. The electric field intensity increased deeply with the pulsed peak voltage, which would facilitate the generation of plasma. Accordingly, the conductivity of chitosan solution was enhanced that sped up the energy release of pulse-forming capacitor, contributing to the decrease of the pulse width with the increase of pulsed peak voltage. Considering stable discharge condition as well as relatively low energy consumption, 20 kV was suggested as the optimum pulsed peak voltage in the present study. Compared with discharge in solvent, discharge in chitosan solution exhibited lower initial voltage, spark breakdown voltage and T w , but a higher injection energy, causing by the superior conductivity of chitosan solution, which were consistent with results of former researches [24, 25] . The result suggested good performance of discharge plasma for treating chitosan in solution. 
Effect of pulse-forming capacitance
Pulse-forming capacitance is usually used to adjust the energy of discharge circuit. It is very important to achieve great chitosan treatment efficiency with a suitable pulse-forming capacitance. The electrical characteristics of discharge plasma in chitosan solution versus pulse-forming capacitance were illustrated in Fig. 5 . As shown in Fig. 5(a) , the slopes of I-V characteristic curves increased as C p increased from 1 nF to 2 nF, maintained unchanged as C p further increased to 4 nF and 6 nF, and then increased again as C p increased to 8 nF, which were related to the processes of unstable discharge, stable discharge, and spark discharge, respectively. Injection energy was in proportion to pulse-forming capacitance and pulsed peak voltage, and was thus enhanced proportionally with increasing C p (Fig. 5(b) ). Pulse width was also observed to be in proportion to C p as C p varied from 1 nF to 6 nF ( Fig. 5(c) ). When C p was further increased to 8 nF, the pulse width increased slightly, which might be ascribed to limited electric-power. According to previous researches, lower pulse width and higher breakdown voltage contribute to an increment of the mean energy of electrons. In order to generate stable discharge and achieve moderate pulse width and injection energy, 4 nF was chosen as C p in the following experiments. 
Effect of electrode distance
Effect of electrode distance on electrical characteristics of discharge plasma in chitosan solution was illustrated in Fig. 6 . As shown in Fig. 6(a) , the slope of I-V characteristic curve decreased with the increase of electrode distance, indicating the negative effect of electrode distance on discharge plasma. However, the injection energies in the reactor were hardly influenced by the electrode distance and maintained almost unchanged under the same pulsed peak voltage (Fig. 6(b) ). The reason was that the pulse width increased with the electrode distance (Fig. 6(c) ), which could offset the decrease of pulsed peak current. Meanwhile, variation of amplitude of T w increased significantly as the electrode distance increased from 2.5 mm to 10 mm, but small change occurred when the electrode distance exceeded 10 mm. This result indicated that the approach of reducing the electrode distance (a) I-V characteristic, (b) Injection energy per pulse, (c) Pulse width Fig.6 Effect of electrode distance on electrical characteristics (less than 10 mm) could sharp the pulse voltage waveform and greatly enhance the electrical field, during which the effect of conductivity of chitosan on electric characteristic of discharge plasma was small. While the electrode distance was larger than 10 mm in the present study, improvement of discharge performance by changing the distance could be ignored due to the excellent conductive-property of chitosan solution. From Fig. 6(a) , the optimum pulsed peak voltages were 14 kV, 19.5 kV and 20 kV under the conditions of electrode distances of 2.5 mm, 10 mm and 20 mm, respectively. Thus, the corresponding single-pulse energies were 0.43 J, 0.83 J and 0.80 J, respectively, and the corresponding single-pulse energies per centimeter in discharge area were 1.72 J/cm, 0.83 J/cm and 0.40 J/cm, respectively. Accordingly, 10 mm was suggested as the optimum condition that took into account the pulsed injection energy as well as the energy density in discharge area.
Effect of air flow rate
In order to investigate the effect of air flow rate on discharge plasma in chitosan solution, single needle electrode was replaced by multi-needle electrode to obtain a large volume of plasma [26] , which would play a positive role in promoting the chitosan treatment efficiency. Bubbling air into the solution can make discharge easier to take place [27] . In this experiment, pulse-forming capacitance and electrode distance were fixed at 300 pF and 10 mm, respectively, to avoid a spark breakdown. The results were displayed in Fig. 7 . Negative pulsed peak voltages and currents occurred because some inductive components were introduced into the discharge system. Bubbling air into solution exerted remarkable influence on the electric characteristics of discharge plasma. The conductivity of air was much smaller than that of chitosan solution, therefore, with the increasing flow rate of air, the pulsed peak voltage increased significantly due to potential dividing effect but the pulsed peak current decreased. Furthermore, air residuals tended to be saturated in chitosan solution with increasing air flow rate, therefore the pulsed peak voltage finally approached a saturated value. On the other hand, the damping of reactor increased with increasing flow rate of air, so that the waveform shocks of voltage and current were weakened. Therefore, injection energy significantly increased with air flow rate, the same with pulsed peak voltage, which might be ascribed to the decrease of circuitry consumption, while the pulse width hardly changed as the air flow rate increased from 0.5 m 3 /h to 1.0 m 3 /h. In the present study, air flow rate of 0.75 m 3 /h was suggested as the optimum condition, which took into account the higher injection energy and the gas economy. 
Conclusion
Electrical characteristic of pulsed corona discharge plasma in chitosan solution was investigated in the present study. The increase of pulsed peak voltage benefited discharge plasma generation in chitosan solution. Unstable discharge, stable discharge, and spark discharge occurred subsequently as the pulse-forming capacitance varied from 1 nF to 8 nF. Using a suitable pulse-forming capacitor was crucial to achieve a better pulsed waveform and proper injection energy which could be very important to chitosan treatment. Effect of electrode distance on electric characteristic of discharge plasma is related to the conductivity of chitosan. Bubbling air into solution exerted remarkable influence on the electric characteristics of discharge plasma, making the discharge easier to happen. This study is a fundamental research effort, trying to provide reference of electrical characteristics for pulsed discharge plasma treatment of chitosan solution. Further work will be focused on exploring proper plasma conditions for high treatment efficiency of chitosan solution.
